The mean features of precipitation distribution associated with tropical cyclones are evaluated as anomalies from environmental precipitation fields, in six tropical cyclone active basins, using satellite-derived daily precipitation observation. A common feature in all basins is that concentric positive precipitation anomalies extend within a 5-degree radius from the tropical cyclone center with maximum values of 70 to 100 mm day −1
Introduction
Tropical cyclones (TCs) are one of the most important meteorological phenomena causing severe disasters and have been the focus of both observational and modeling studies for a long time. In central region of TCs, there is heavy precipitation and it causes severe flood disasters as well as their strong wind, so that it is important to understand the distribution of precipitation fields around TCs in order to minimize disasters. At the same time, TC precipitation is an important water resource for regions where TCs affect.
Many TC observations and modeling studies have been conducted to analyze TC formation, development, and structure (Chan and Kepert 2010) . Observational studies utilize satellite-borne instruments as well as ground-based weather radar and aircraft reconnaissance. Rodgers et al. (2000) and Rodgers et al. (2001) estimated TC rainfall amounts from the Special Sensor Microwave Imager instruments (SSM/I) on board the Defense Meteorological Satellite Program (DMSP) satellite within a 444 km radius of the center of TCs, in the North Pacific and the North Atlantic Oceans, respectively. They found that TCs contribute 7% of the rainfall to the entire domain of the North Pacific and 4% of the rainfall to the entire domain of the North Atlantic during TC season. Jiang and Zipser (2010) investigated the impacts of TCs to the total rainfall over six global basins using rainfall estimated from Tropical Rainfall Measuring Mission (TRMM) 2A25 (precipitation radar) and 3B42 (multi-satellite). They defined TC rainfall as observed one within 500 km from the TC center, and found that TCs contribute, respectively 8%−9%, 7%, 11%, 5%, 7%−8%, and 3%−4% of the seasonal rainfall to the entire domain of the Atlantic, the eastcentral Pacific, the northwest Pacific, the north Indian Ocean, the south Indian Ocean, and the South Pacific basins. Using the TRMM Microwave Imager data (TMI), Lonfat et al. (2004) examined the relationship between the storm intensity, its geographical location, and the rainfall distribution, based on the precipitation within 500 km from the center. They found that the maximum rainfall rates increase with increasing storm intensity.
In previous studies, it is unclear how relevant it is to determine a TC precipitation field. It is important to define the exact TC contribution with a definite discussion and appropriate bases. Therefore, quantitative determination of the mean TC precipitation distribution is necessary. Detailed understanding of precipitation fields around TCs is also important for disaster prevention related to heavy precipitation. However, the mean precipitation around TCs has not yet been studied quantitatively.
In order to estimate precipitation around TCs, which generate and develop in tropical oceans in which there are few in-situ observations, satellite observations are essentially important. Since the late 1990s, many earth environmental satellites have been launched, and dense precipitation estimates have been available in space-time. Huffman et al. (2007) produced quasi-global, multiyear, combined-sensor precipitation estimates in fine scales (0.25 × 0.25 deg) known as TRMM/3B42. Many studies have verified the precision of the TRMM/3B42 (e.g., Kikuchi and Wang 2008; Xie et al. 2007 ). Horizontal and temporal resolution in the TRMM/3B42 is sufficient to specify individual TC precipitation.
In this study, we analyze the mean features of the precipitation fields around TCs in each TC active basin, using daily TRMM/ 3B42 precipitation data. In Section 2, the utilized datasets and data manipulation methodology are introduced. In Section 3, the mean fields of TC precipitation are evaluated and compared among the TC active basins. In Section 4, a discussion and conclusions are presented.
Data and methodology
To evaluate the daily precipitation fields around TCs, we utilize the daily 3B42 precipitation data of the TRMM (Huffman et al. 2007 ). The TRMM/3B42 is a global precipitation dataset defined on 0.25-degree spacing grid derived from multi-satellite estimates and temporally covers the period after the 1998.
For TC position data, we utilize the best track data from the Joint Typhoon Warning Center (JTWC) and from the National Hurricane Center of the National Oceanography and Atmospheric Administration (NHC/NOAA). The best track of JTWC contains TCs in the western North Pacific, the north Indian Ocean and the Southern Hemisphere basins. The best track of NHC contains TCs in the eastern North Pacific and the North Atlantic. In the JTWC best track, TCs in the south Indian Ocean and in the South Pacific are combined in the category of the Southern Hemisphere. Here, in order to study TC behavior in each basin, we divide the Southern Hemisphere into two basins, the south Indian Ocean and the South Pacific with the border of longitude 135°E, which corresponds to the central part of Australia. In general, the best track provides TC information including position data in 6-hour interval. On the other hand, the precipitation data is daily one. To provide daily TC position, we assume that the TC position at 12UTC in the best track represents daily mean position.
To evaluate TC precipitation, the TRMM/3B42 fields within a 30-degree radius from the TC center are extracted and averaged in each basin. Here, we define the TCs as tropical disturbances with the maximum wind of 34-knots or higher in the best track. For averaging, we decompose the total precipitation into environmental fields defined as the monthly mean fields, and TC contributions as daily anomalies from the environmental fields. Figure 1 shows the
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Hirotaka Kamahori Meteorological Research Institute/JMA, Tsukuba, Japan SI and SP). The negative anomalies are also distributed over the western side of the TCs in WP, SP, and AT. The negative anomalies in WP seem to be the most intense and extensive. We consider that the surrounding negative precipitation anomalies are due to subsidence accompanying TC convection and/or to relatively cooler and drier air intrusion from the higher latitude atmosphere. However, we should verify the causes of the surrounding negative anomalies using a numerical model or reanalysis. This will be the subject of future study.
The TC core precipitation fields within a 5-degree radius from the TC centers can be divided into two parts, a heavy precipitation region within a 2-to 3-degree radius from the center and a surrounding weak and broad precipitation region. The heavy precipitation regions have an almost axis-symmetric structure in all basins. In contrast, surrounding weak and broad precipitation regions have an elongated structure along the northeast to the southwest direction in the Northern Hemisphere basins and along the northwest to the southeast direction in the Southern Hemisphere basins. Figure 3 shows a cross section of mean TC precipitation along the east-west axis through the location of maximum precipitation near the TC center in each basin. In Fig. 3 , the Gaussian distribution approximation and differences between original and Gaussian approximations are also shown. Here, we make Gaussian approximations using TC precipitation within a 5-degree radius from the centers in which precipitation anomalies are positive. The Gaussian fitting is conducted using the least squares method. Mean TC precipitation within a 5-degree radius from the TC centers corresponding to the TC core precipitation in Fig. 2 , is well approximated with a Gaussian distribution, except for that in NI. In NI, the average number of samples is only 14 per year, and the approximation may be poor. In contrast, the number of samples in WP is 118 per year. . Table  1 indicates the e-folding radius, and the mean precipitation rate within a 1-, 5-or 20-degree radius from the TC center in each basin. The e-folding radius is evaluated from the Gaussian approximation in Fig. 3 , and the mean precipitation rate is evaluated schematic concept of the decomposition. Extracted TC precipitation contributions are averaged to make mean TC fields in each basin, the western North Pacific (WP), the eastern North Pacific (EP), the South Pacific (SP), the north Indian Ocean (NI), the south Indian Ocean (SI), and the north Atlantic (AT). Figure 2 shows the horizontal distribution of TC precipitation averaged for 1998 through 2009 in six TC active basins (WP, EP, AT, NI, SP, and SI). In all the basins, we find concentric precipitation fields around the TC centers within a 5-degree radius (hereafter, TC core precipitation). The maximum values of TC core precipitation near the TC centers are 70 to 100 mm day −1
Results
. In this analysis, the grid resolution of 0.25 degree in the TRMM/3B42 is not sufficient to resolve the TC eye-wall structure, so that we cannot identify precipitation free regions corresponding to the TC eyes. In all the basins, the TC core precipitation areas are surrounded by broad and weak negative precipitation anomalies with a minimum value of −2 mm day −1 . These negative anomalies are mainly distributed over the equatorial side of the TC centers (i.e., the southern side in WP, EP, AT, and NI, and the northern side in Fig. 1 . Schematic diagram for methodology of extracting TC precipitation contribution from the TRMM/3B42. Shaded area, which is difference between daily precipitation and corresponding monthly mean, is extracted as TC contribution. from the original TC precipitation. The values of the e-folding radius indicate that the horizontal scale of TC precipitation is the largest in WP and the smallest in EP. However, the e-folding radius of 2.8 degrees in WP exceeds that in EP of 2.2 degrees by only 30%, and we assume that mean TC precipitation has similar horizontal scales in all basins. The mean precipitation within a 5-degree radius is also the greatest in WP and the smallest in EP. Because the TC core precipitation has the extent of 5 degrees from the center as seen in Fig. 2 , we regard the 5-degree radius mean precipitation as the mean TC core precipitation. The 5-degree average precipitation of 23 mm day −1 in WP is the greatest and is more than twice that in EP. We assume that the greater TC core precipitation indicates greater subsidence and greater negative precipitation outside the TC core precipitation. Indeed, we find a relatively large negative precipitation anomaly distribution around the TC core in WP, compared with that of other basins in Fig. 2 . Figure 4 shows histograms of excess frequency for specific precipitation rates of 0 to 200 mm day −1 within a 1-degree radius from the TC center in each basin. The TCs in WP have the highest frequency in all precipitation ranges, and we assume that WP has the highest probability of heavy precipitation by TCs among the six TC active basins. Table 2 indicates excess frequencies for 50, 100, 150, and 200 mm day −1 within a 1-degree radius from the TC center in each basin. In WP, the frequencies for all precipitation categories are Table 1 . The e-folding radius, the mean precipitation rate within a 1-, 5-, and 20-degree radius from the TC center, and the mean precipitation rate in the annulus area of 7 to 20 degrees in each basin. , which are much lower than those in WP. Therefore, we assume that probability density functions for TC precipitation intensity have much different features in each basin, in spite of similar mean distributions (Fig. 2) . However, our target period is only 12 years (1998 through 2009). Because of the small number of samples, quantitative analysis of differences between probability functions among basins is difficult. Analysis of differences in probability functions using a longer period database, such as modeling or reanalysis, will be the subject of future study.
Summary and conclusions
We have conducted composite analyses of anomalous TC precipitation from the environmental field, and have investigated the mean feature of the TC precipitation fields in six TC active basins. Our major findings are as follows.
(1) Positive TC precipitation anomalies (TC core precipitation) are concentrated within a 5-degree radius from the TC centers in all basins. (2) The TC core precipitation can be well approximated with a Gaussian distribution in all basins. (3) The mean features of TC core precipitation are similar among all the basins and indicate a 2.2-to 2.8-degree e-folding radius and a 70 to 100 mm day −1 precipitation rate near the TC center. (4) Extended weak negative precipitation anomaly areas exist outside the TC core precipitation in all basins. These areas are distributed mainly on the equatorial side of the TC centers. (5) Probability distributions are much different among the basins, and the TCs in WP are the most intense. Rodgers et al. (2000) and Rodgers et al. (2001) estimated TC rainfall amounts from the SSM/I observations within a 444 km radius of the TC center. On the other hand, Jiang and Zipser (2010) defined TC rainfall as that observed within 500 km from the TC center. Lonfat et al. (2004) used a precipitation data within 500 km from the center to study the structure of TC precipitation. However, the present study indicates that the TC precipitation field extends beyond these definitions. To evaluate the TC contribution to global precipitation including suppression of rainfall by the TC farther from the core, we must consider TC precipitation at least within a 20-degree radius from the TC center.
Future studies should also focus on the reasons for negative precipitation anomalies around the TC core precipitation. Subsidence accompanying TC core precipitation, or cool and dry air intrusion from higher latitudes should be considered. This problem should be approached by reanalysis or modeling.
The relationship between the TC precipitation and El Nino Southern Oscillation (ENSO) is an important and interesting problem, because ENSO is the greatest signals on TC activities (Chan and Liu 2004) . However, satellite-based precipitation observations including TRMM/3B42 are available only after the late 1990s, and this data period is too short to study such a relationship. As another method, we should utilize reanalysis products. Hatsushika et al. (2006) investigated the TC detection rate in the Japanese 25-years Reanalysis (JRA-25, Onogi et al. 2007 ), and obtained a detection rate of 90%. Hsu et al. (2008) extracted TC wind fields from European Centre for Medium-Range Weather Forecasts (ECMWF) 40-years reanalysis project (ERA-40, Uppala et al. 2005) . They found that TCs contribute significantly (exceeding 50% in certain regions) to the seasonal mean and the intraseasonal and interannual variance of the 850-hPa vorticity along the TC tracks in the tropical western North Pacific. Both studies indicate that reanalysis products are available to study mean TC fields.
Another interesting topic is which mechanisms determine the mean size and intensity of TC precipitation in each basin. As possible reasons, we can point out the structure of the environmental atmospheric field and the ocean thermocline, which interact with TCs. These mechanisms should be the subject of future study. 
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